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Abstract
The concrete strength of existing structures is an important index in the aspects of safety insurance, evaluation, and strengthening 
of existing structures. However, different testing methods are used to evaluate the concrete strength, which provide information 
with different reliability, and the results are thus difficult to be unified. This paper investigated the evaluation tests for compressive 
strength of structural concrete. The compressive strength of field-cured, standard-cured and core samples, and the rebound method 
calculated strength of structural concrete were obtained. The results showed that the compressive strength of field-cured and core 
specimens, and the rebound method calculated strength cannot reach that of standard-cured specimens at the equivalent age of 
28 days. The compressive strength of standard-cured and field-cured specimens can be used to represent that of cores for evaluating 
the quality of structural concrete. All four strength indexes increased in a logarithmic trend with the increasing equivalent age.
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1 Introduction
The concrete strength of existing structures is an important 
index of safety insurance, evaluation, and strengthening for 
existing structures [1–2]. The early load-carrying capac-
ity of concrete structures mainly depends on the compres-
sive strength of concrete. The construction processes of 
formwork removal, transportation and hoisting of concrete 
structures would have certain requirements for the com-
pressive strength of concrete. It is necessary to form a sci-
entific and reliable evaluation system to test the compres-
sive strength of concrete with different curing ages [3–8].
During the construction process of concrete structures, 
the cube specimens under the standard and field curing 
conditions are generally used to evaluate the compressive 
strength of structural concrete. Although the strength of 
cube specimens under the standard and field curing condi-
tions has a certain relationship with that of structural con-
crete, the casting processes, curing conditions, and stress 
states of structural concrete are somewhat different; hence 
the two cube specimens strength are not completely the 
same with the compressive strength of structural concrete. 
The test results obtained from the control specimens may 
not be sufficient or reliable to represent the genuine com-
pressive strength of structural concrete.
In situ non-destructive testing and laboratory testing 
of drilling core samples are often used in the evaluation 
of existing concrete structures. As a low-cost and conve-
nient non-destructive method, the rebound method is usu-
ally adopted to test and evaluate the compressive strength 
of structural concrete. In practice, a correlation formula 
between the rebound value and calculated strength is 
required for this method. In many cases, the reliability of 
this method in estimating the concrete strength depends 
on the accuracy of correlation formula. The flatness and 
humidity of the surface of structural concrete would also 
cause deviations in the test results [9–10]. Drilling core 
samples are widely used in determining the compressive 
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strength of structural concrete. As the most reliable esti-
mation of the compressive strength of structural concrete, 
the strength of cores can be used as a reference for the test 
results of other non-destructive testing methods. However, 
the number of cores extracted from the structure might 
be limited. Drilling concrete core is time-consuming and 
may also damage the structure [11–15].
The compressive strength of the standard-cured and field-
cured specimens are adopted as the fundamental reference 
to evaluate the compressive strength of structural concrete 
according to the ACI 318 Code [16]. When the compressive 
strength of field-cured specimens cannot meet the require-
ments, the drilled cores shall be extracted for testing. The 
CEB-FIP Model Code [17] proposes equations to calculate 
the compressive strength of concrete at different ages, tak-
ing the effects of cement type, temperature and curing con-
dition into consideration. Different testing methods may be 
used in different construction sites to evaluate the concrete 
strength considering their different applicability. However, 
testing methods varies in the reliability of the test results. 
It is necessary to study the relationship between the com-
pressive strength of the field-cured, standard-cured and core 
specimens, and the strength calculated by rebound method.
In order to guarantee the construction engineering 
quality, it is imperative to carry out the study on the evalu-
ation tests of compressive strength for structural concrete. 
This paper investigated the compressive strength of struc-
tural concrete with two mineral admixtures (fly ash and 
slag powder) and four strength grades (C30, C40, C50 and 
C60) by the destructive tests of 488 specimens according 
to current Chinese codes [18–22]. The relationship of dif-
ferent compressive strength indexes was established and 
their development trends were also discussed. 
2 Experimental program
2.1 Test materials
Ordinary Portland cement P.O 42.5 with a standard com-
pressive strength of 51.7 MPa at 28 days was used. Natural 
river sand and gravel were used as fine aggregate and 
coarse aggregate, respectively. Four strength grades of 
concrete were designed, i.e. C30, C40, C50 and C60. The 
maximum aggregate size of the gravel was 31.5 mm for the 
C30, C40 and C50 concrete, and 20 mm for the C60 con-
crete. The mineral admixtures were fly ash of grade II class 
F and the slag powder of grade S95. The pumping agent 
SK202 (water-reducing rate is 14 %) was used for C30, C40 
and C50 concrete, and the water reducing agent SKPCA 
(water-reducing rate is 29 %) was used for C60 concrete.
2.2 Mix proportion
For each strength grade, two different mix proportions were 
used, which were group F of single admixture (fly ash) 
and group FS of compound admixtures (fly ash and slag 
powder). Table 1 shows mix proportions of concrete.
2.3 Specimen design
Concrete walls (to be drilled for obtaining core specimens) 
and cube specimens were prepared in this study (Fig. 1). 
The size of concrete walls was 2000 × 1000 × 500 mm. 
Concrete walls were formed by the mechanical vibration, 
in accordance with the "Code for acceptance of construc-
tional quality of concrete structures" (GB 50204-2015) 
strictly [18]. Cores with diameters of 50 mm, 75 mm and 
100 mm were extracted from walls at different speci-
fied ages in accordance with the CECS03-2007 [19]. The 
size of cube specimens for C30, C40 and C50 concrete 
was 100 × 100 × 100 mm, and 150 × 150 × 150 mm for 
C60 concrete. Cube specimens were formed by the timing 
vibration table and vibrated at the same time
The formwork of cube specimens was removed after 
cube specimens were cured for 24 h in the field condi-
tion. Standard-cured specimens were placed in a stan-
dard curing room where the temperature was 20 ± 2 °C 
and the relative humidity was over 95 %. The field-cured 
cubes were placed beside the concrete walls and cured in 
the field condition. The formwork of walls was removed 
after 3 days in the field condition. The field-cured walls 
and cubes were cured in wet condition for 14 days. 
The water was applied 6–8 times during the daytime to 
ensure the surface of concrete was wet, and the field-
cured specimens and walls were covered with plastic 
cloth after watering. 
Table 1 Mix proportions of concrete (1 m3)
ID Cement(kg)
Fly ash
(kg)
Slag
Powder
(kg)
Sand
(kg)
Gravel
(kg)
Agent
(kg) w/c
C30F 300 80 - 795 1000 9.5 0.46
C30FS 230 80 70 800 1000 9.5 0.45
C40F 370 80 - 740 1004 15.5 0.38
C40FS 300 80 70 740 1009 15.5 0.37
C50F 440 50 - 700 1020 20 0.35
C50FS 370 50 70 705 1020 20 0.34
C60F 490 50 - 670 1039 10.5 0.30
C60FS 410 50 70 670 1044 10.5 0.29
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2.4 Testing program
The temperature of field condition was recorded hourly. 
The everyday average temperature of field condition for 
258 days is shown in Fig. 2. In order to take the curing 
temperature into consideration, the equivalent age tT 
was calculated for the field-cured specimens and walls. 
According to "Code for acceptance of constructional qual-
ity of concrete structures" (GB 50204-2015) [18], the for-
mula for  can be calculated as follows: 
t ti
i
n
T
= ( )
=
∑ αT∆
1
, (1)
α
T
= − +( ) exp .4 26 375 68 Ti , (2)
where αT the correction factor of the age corresponding to 
the ith temperature, Δti the days corresponding to the ith 
temperature (d), Ti the ith temperature, determined by the 
daily average temperature of field condition.
In order to investigate the development trend of con-
crete strength at different ages, the ages of standard-cured 
specimens were specified as 7 d, 14 d, 28 d, 60 d, 90 d 
and 180 d; the equivalent ages of the field-cured speci-
mens were specified as 7 d, 14 d, 28 d, 60 d and 90 d; 
the equivalent ages of walls were specified as 28 d, 60 d 
and 90 d. Corresponding to each specified age, the tests of 
compressive strength of cube specimens, rebound strength 
of concrete walls and compressive strength of core sam-
ples were carried out in the same day. Three cube speci-
mens were taken to conduct the compressive test for each 
situation and ten cores of Φ50 mm were extracted in order 
to avoid the effect of scattered results for small samples, 
while three cores of Φ75 mm and Φ100 mm were obtained. 
The details of specimens are shown in Table 2. The proce-
dure of the rebound test was performed in accordance with 
the JGJ/T23-2011 [20].
3 Experimental results
3.1 Test results
The procedure of the compressive tests for cubes and 
core specimens was in accordance with the GB/T 50081-
2002 [21]. The results of standard-cured cubes fcu,s and field-
cured cubes fcu,f are shown in Tables 3 and 4, respectively. 
The rebound method calculated strength fs,r are shown in 
Table 5 and the results of cores fs,c are shown in Table 6.
As shown in Table 3 to Table 6, the test results of com-
pressive strength for Group F were close to that for group 
FS. Hence, the results for these two groups were integrated 
(a) Casting concrete
(b) Concrete walls and cubes
(c) Core samples
Fig. 1 Preparation for specimens
Fig. 2 Average temperature of field condition
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in the analysis of test results. The comparison among four 
compressive strength indexes with different ages was 
shown below.
3.1.1 Comparison between fcu,s and fcu,f
Although a conclusion may review the main points of 
the paper, do not replicate the abstract as the conclusion. 
A conclusion might elaborate on the importance of the 
work or suggest applications and extensions.
In order to investigate the effect of curing conditions on 
the compressive strength, the results of standard-cured cube 
fcu,s and field-cured cubes fcu,f with different ages were com-
pared as shown in Fig. 3. For each equivalent age, the aver-
age value of the ratio between fcu,f and fcu,s was denoted as .
It can be seen from Fig. 3 that when the equivalent ages 
were 7 d and 14 d, Rf/s,7d = Rf/s,14d = 0.826. This may be due 
to the similar curing condition for field-cured and stan-
dard-cured cubes, which can ensure the required mois-
ture for the hydration process of cement, the compressive 
strength of field-cured and standard-cured cube specimens 
increased in the same pace. When tT varied from 14 d to 
28 d, the humidity of the field-cured specimens dropped, 
which made the hydration react slowly and reduced the 
Table 2 The details of specimens
Specimen 
type Concrete mixture Size (mm)
Specified 
age (d)
Standard-
cured cubes
C30F, C40F, C50F,
C30FS, C40FS, 
C50FS
100 × 100 × 100 7, 14, 28, 60, 90, 180
C60F C60FS 150 × 150 × 150 7, 14, 28, 60, 90, 180
Field-cured 
cubes
C30F, C40F, C50F,
C30FS, C40FS, 
C50FS
100 × 100 × 100 7, 14, 28, 60, 90
C60F, C60FS 150 × 150 × 150 7, 14, 28, 60, 90
Drilled 
cores
C30F, C40F, C50F, 
C60F, C30FS, 
C40FS, 
C50FS, C60FS
F100 × 100 28, 60, 90
F75 × 75 28, 60, 90
F50 × 50 28
Table 3 Compressive strengths of standard-cured cube specimens (MPa)
Age (d)
Concrete mixture
C30F C40F C50F C60F C30FS C40FS C50FS C60FS
7 25.4 40.5 49.7 39.6 24.5 41.5 49.0 50.0
14 27.2 45.7 52.8 47.9 26.0 47.9 51.0 57.8
28 36.4 53.9 54.3 55.1 38.1 59.9 61.7 60.2
60 41.8 56.1 62.3 60.7 43.6 61.4 66.0 63.5
90 44.9 62.5 64.4 61.9 47.1 58.3 64.3 58.7
180 48.3 58.9 70.4 62.5 47.4 64.5 55.9 63.7
Table 4 Compressive strengths of field-cured cubes (MPa)
Equivalent  
age (d)
Concrete mixture
C30F C40F C50F C60F C30FS C40FS C50FS C60FS
7 20.8 31.8 36.8 35.2 20.7 34.9 39.1 44.1
14 23.8 34.1 41.1 39.4 23.8 37.7 44.8 46.7
28 31.2 43.3 44.3 42.7 31.0 45.2 49.2 50.4
60 41.3 50.9 61.6 57.4 38.7 53.7 54.3 59.9
90 44.8 60.4 68.2 61.1 47.3 61.6 66.9 63.7
Table 5 Rebound method calculated strength (MPa)
Equivalent  
age (d)
Concrete mixture
C30F C40F C50F C60F C30FS C40FS C50FS C60FS
28 26.4 35.2 37.6 38.2 28.0 38.6 47.2 43.6
60 34.5 47.9 50.3 48.8 35.1 48.0 57.2 53.4
90 33.8 52.0 52.4 50.9 35.4 47.7 59.8 55.8
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development of concrete strength during this period. When 
tT reached 28 d, the hydration of specimens under the stan-
dard curing condition was basically completed, whereas 
the compressive strength of field-cured specimens was still 
developing. The ratio of fcu,f / fcu,s had an increasing trend 
with the increasing age. When tT was more than 60 d, the 
compressive strength of field-cured specimens tended to be 
equal to that of standard-cured specimens.
3.1.2 Comparison between fs,c and fcu,s
The comparison between the compressive strengths of 
cores fs,c and standard-cured cubes fcu,s was shown in Fig. 
4. For each equivalent age, the average value of the ratio 
between fs,c and fcu,s was denoted as Rc/s.
It can be seen from Fig. 4 that when tT was 28 d, 
Rc/s,28d = 0.784, which indicated that the compressive 
strength of cores cannot reach the compressive strength 
of standard-cured cubes in the equivalent age of 28 d. 
Therefore, when evaluating the quality of structural con-
crete in the equivalent age of 28 d, it was generally unre-
alistic to require the compressive strength of structural 
concrete to reach that of standard-cured cubes. When tT 
was 60 d, Rc/s,28d = 0.949, i.e. the compressive strength of 
cores was similar to that of standard-cured cube speci-
mens. After that, the ratio of fs,c / fcu,s tended to be stable 
with the increasing equivalent age. When tT was 90 d, the 
ratio of fs,c / fcu,s was 0.996. It can be concluded that when 
tT was more than 60 d, the effect of curing conditions on 
the concrete strength can be neglected and the compres-
sive strength of standard-cured specimens can be adopted 
to represent that of cores for evaluating the compressive 
strength of structural concrete.
3.1.3 Comparison between fcu,f and fs,c
The comparison between the compressive strength of 
field-cured cubes fcu,f and core samples fs,c is shown in 
Fig. 5. For each equivalent age, the average value of the 
ratio between fcu,f and fs,c was denoted as Rf/c.
It can be seen from Fig. 5 that during the whole curing 
period, the ratio of fcu,f / fs,c was stable around 1.0 (1.031 for 
Rc/f,28d and Rc/f,90d, 0.970 for Rc/f,60d), which indicated that the 
compressive strength of field-cured cubes was close to that 
of the cores and their test results can represent that of the 
cores for evaluate the quality of structural concrete.
Table 6 Compressive strengths of cores (MPa)
Size
(mm)
Equivalent 
age (d)
Concrete mixture
C30F C40F C50F C60F C30FS C40FS C50FS C60FS
Φ50 28 26.8 42.6 41.2 42.7 31.0 44.4 49.8 53.9
Φ75
28 27.0 42.3 40.6 42.3 30.5 44.7 52.5 54.8
60 39.4 55.3 55.4 61.4 43.1 57.5 68.4 63.9
90 39.3 53.4 56.1 63.4 42.1 57.8 65.8 62.7
Φ100
28 28.7 41.9 44.4 40.1 29.5 44.9 48.5 51.1
60 41.5 54.8 58.6 58.1 38.9 57.4 63.2 59.6
90 45.0 57.7 59.7 63.4 45.9 58.2 70.5 60.1
Fig. 3 Comparison between fcu,f and fcu,s in different ages Fig. 4 Comparison between fs,c and fcu,s in different ages
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3.1.4 Comparison between fs,r and fs,c
The comparison between the rebound method calculated 
strength fs,r and the compressive strength of cores fs,c is 
shown in Fig. 6. For each equivalent age, the average value 
of the ratio between fs,r and fs,c was denoted as Rr/c.
During the whole curing period, the ratios of fs,r / fs,c 
were less than 1.0. This could be explained by the fact 
that the rebound method calculated strength was obtained 
by the hardness of the wall surface, which was a conver-
sional strength. In contrast, the compressive strength of 
the cores was not affected by the surface quality of the 
wall. Therefore, the compressive strength of the cores 
was larger than the rebound method calculated strength. 
In addition, the effect of mineral admixtures and agents 
made the alkalinity of the wall surface decreased and fur-
ther caused a relatively large measurement value of the 
carbonation depth, which led to a slightly decrease of Rr/c.
During the whole curing period, the ratio of fs,r / fs,c was 
stable, which showed that the rebound method calculated 
strength had a good correlation with the compressive 
strength of cores.
3.1.5 Comparison between fs,c
Φ50 , fs,c
Φ75  and fs,c
Φ100
The comparison between the compression strength of 
cores with Φ75 mm and Φ100 mm is shown in Fig. 7, 
and similarly, the comparison between the compressive 
strength of cores with Φ50 mm and Φ100 mm is shown 
in Fig. 8. The height-diameter ratio of all the cores was 
1.0. For each equivalent age, the average value of the ratio 
of f f
s,c s,c
Φ Φ75 100 was denoted as R
c
75 100/ . For equivalent age 
of 28 d, the average value of the ratio between f
s,c
Φ50  and 
f
s,c
Φ100  was denoted as R
c,28d
50 100/ .
The average value of R
c
75 100/  was 0.995 and R
c,28d
50 100/  
was 1.008. Fig. 7 and Fig. 8 showed that the compressive 
strength of cores with Φ50 mm and Φ75 mm had a good 
correlation with that of Φ100 mm, and the size effect on 
Fig. 5 Comparison between fcu,f and fs,c with different ages
Fig. 6 Comparison between fs,r and fs,c with different ages
Fig. 7 Comparison between f
s,c
Φ50  and f
s,c
Φ100
Fig. 8 Comparison between f
s,c
Φ50  and f
s,c
Φ100  at 28 d
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the compressive strength of core samples was not obvious. 
Theoretically, the compressive strength of small diame-
ter cores may be higher than that of big diameter cores 
because of the size effect. Besides, the internal defects 
generally increased with the increasing size of the speci-
men and the compressive strength decreased correspond-
ingly [22–24]. However, in practice, the process of drill-
ing would increase the cumulative damage of cores. For 
the specimen with small size, the cumulative damage was 
more serious. In addition, in the cutting process of cores, 
the fracture surfaces of aggregates would be produced on 
the cutting surface. The uneven distribution of the frac-
ture surfaces of aggregates on the cutting surface would 
decrease the actual compressive strength of cores. For 
small diameter cores, the proportion between the area of 
fracture surfaces of aggregates and that of the cross sec-
tion of the core was larger compared with big diameter 
cores, which would decrease the compressive strength of 
concrete core samples. In conclusion, the effect of these 
two cases above cancelled each other out in this study. The 
compressive strength of cores did not fluctuate obviously 
with the change of the core size from 50 mm to 100 mm.
3.2 Development trend of concrete strength indexes
The development trend of four concrete strength indexes 
with the increasing equivalent ages were discussed in this 
section. The compressive strength of standard-cured cube 
specimens of 28 d f
cu,s
8d2  was specified as a reference point. 
The ratios of fcu,s , fcu, f , fs,c and fs,r to fcu,s
8d2  for each concrete 
mixture with different equivalent ages are shown in Fig. 9 
to Fig. 12, respectively.
Fig. 9 Ratio of f f
cu,s cu,s
8d2  with different ages
Fig. 10 Ratio of f fcu,f cu,s
8d2
 with different equivalent ages
Fig. 11 Ratio of f fs,c cu,s
8d2
 with different equivalent ages
Fig. 12 Ratio of f f
s,r cu,s
8d2  with different equivalent ages
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According to the ratios f f
cu,s cu,s
8d2 , f f
cu,f cu,s
8d2 , f f
s,c cu,s
8d2 , 
and f f
s,r cu,s
8d2  for each mixture with different equivalent 
ages, the statistical fitting formulas of the development 
trend of four concrete strength indexes with  were pro-
posed as follows:
f t f Rcu s T cu s
d
, ,
. ln . , .= ( ) +  =0 2387 0 1433 0 973728 2  (3)
f t f Rcu f T cu s
d
, ,
. ln . , .= ( ) +  =0 2219 0 1381 0 911828 2  (4)
f t f Rs c T cu s
d
, ,
. ln . , .= ( ) +  =0 2172 0 1368 0 927328 2  (5)
f t f Rs r T cu s
d
, ,
. ln . , .= ( ) +  =0 1787 0 1356 0 947828 2  (6)
It can be seen from Fig. 9 to Fig. 12, all four ratios of 
f f
cu,s cu,s
8d2 , f f
cu,f cu,s
8d2 , f f
s,c cu,s
8d2 , and f f
s,r cu,s
8d2  had a good 
logarithmic correlation with tT. When tT was less than 7 d, 
the compressive strength of standard-cured cube speci-
mens developed rapidly, and the compressive strength of 
7 d can reach more than 70 % of that of 28 d. Afterwards, 
the growth of the compressive strength slowed down grad-
ually, and when the age was more than 28 d, the compres-
sive strength of standard-cured cube specimens was still 
growing. Fig. 10 showed that the compressive strength of 
field-cured cubes of 7 d can reach more than 60 % of f
cu,s
8d2 . 
Afterwards, the growth of the compressive strength went 
slow. When tT was 60 d, the ratio of f fcu,f cu,s
8d2  was about 
1.0. After that, the ratio of f f
cu,f cu,s
8d2  was more than 1.0. 
This indicated that the compressive strength of field-cured 
cubes can reach f
cu,s
8d2  with the increasing equivalent age. 
It can be calculated from Eq. (4) that when f f
cu,f cu,s
8d2  was 
1.0, tT was equal to 48 d. This suggested that under the 
field curing condition of this test, when the compressive 
strength of cube specimens reached f
cu,s
8d2 , the correspond-
ing equivalent age was 48 d. Therefore, from the view 
point of the development trend of compressive strength of 
field-cured cubes, it was not realistic to require the com-
pressive strength of field-cured cubes to reach f
cu,s
8d2  when 
tT was 28 d. Fig. 11 revealed that when tT was 28 d, the 
compressive strength of cores was about 80 % of. When 
f
cu,s
8d2  was over 28 d, the compressive strength still rose 
slowly. The ratio of f f
s,c cu,s
8d2  was around 1.0 when tT was 
60 d. Then, the ratio of f f
s,c cu,s
8d2  was larger than 1.0. 
It meant that the compressive strength of cores fs,c can 
reach f
cu,s
8d2  as tT increased. It can be calculated from 
Eq. (5) that when f f
s,c cu,s
8d2 , tT = 53 d. This suggested that 
when the compressive strength of cores reached f
cu,s
8d2 , the 
corresponding equivalent age was 53 d under the field cur-
ing condition of this test. Fig. 12 showed that when tT was 
28 d, the rebound method calculated strength was roughly 
70 % of f
cu,s
8d2 . When tT was over 28 d, the rebound method 
calculated strength gradually increased. However, when 
tT was more than 60 d, the rebound method calculated 
strength still cannot reach f
cu,s
8d2 . It can be calculated from 
Eq. (6) that when tT = 90 d, f fs,r cu,s
8d2 < 1.0. It can be con-
cluded that under the field curing condition of this test, 
when tT was more than 90 d, the rebound method calcu-
lated strength cannot reach f
cu,s
8d2 . Therefore, the compres-
sive strength of structural concrete cannot be evaluated 
only by the rebound method calculated strength.
4 Conclusions
This paper investigated the compressive strength of struc-
tural concrete by four concrete strength indexes. Based on 
the experimental results, the following conclusions can be 
drawn:
1. When tT was 28 d, the compressive strength of field-
cured cubes and core specimens cannot reach that of 
standard-cured cube specimens because of the differ-
ences in casting processes and curing conditions. They 
tended to be equal to the compressive strength of stan-
dard-cured specimens when tT was more than 60 d.
2. The compressive strength of standard-cured speci-
mens and field-cured cubes, and the rebound method 
calculated strength all had good correlations with 
that of core samples. The compressive strength of 
cores with Φ50 mm and Φ75 mm was in close prox-
imity to that of Φ100 mm, indicating that the size 
effect on the compressive strength of core samples 
was not obvious.
3. All four concrete strength indexes fcu,s, fcu,f , fs,c and 
fs,r developed in a logarithmic growth trend with 
the increasing equivalent age. It was unrealistic to 
require fcu,f to reach fcu,s when tT was 28 d based on the 
development trend of fcu,f . To evaluate the compres-
sive strength of structural concrete only by fs,r was 
conservative because even when tT was more than 
90 d, the rebound method calculated strength still 
cannot reach f
cu,s
8d2 .
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